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Xenopuson of the nervous system starts at gastrulation with a process called neural
induction. This process requires, at least in part, the inhibition of BMP signalling in the ectoderm by noggin, as
well as FGF receptor activation and Ca2+ signalling. Our studies with Xenopus embryos suggest that an
increase in intracellular Ca2+ concentration ([Ca2+]i), via dihydropyridine-sensitive Ca2+ channels (DHP-
sensitive Ca2+ channels) is necessary and sufﬁcient to direct the ectodermal cells toward a neural fate, and that
Ca2+ directly controls the expression of neural genes. The mechanism by which the DHP-sensitive Ca2+
channels are activated during neural induction remains unknown. One possible mechanism is via the
activation of FGF signalling. Using isolated ectoderm tissue, here we demonstrated that FGF-4 depolarises the
membrane of ectodermal cells and induces an increase in [Ca2+]i. This Ca2+ increase can be blocked by
SU5402, an FGF receptor inhibitor, and by DHP-sensitive Ca2+ channel antagonists. These inhibitors also block
the induction of neural genes. We discuss a possible gating mechanism for the activation of DHP-sensitive
Ca2+ channels via the FGF signalling pathway, which involves arachidonic acid and TRPC1 channel activation.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
Neural induction, which occurs during gastrulation, is the process
by which naïve ectoderm is instructed to adopt a neural fate. At least
three main processes control neural determination. (1) Neural fate is
controlled by diffusible molecules, such as noggin [1,2], follistatin [3]
and chordin [4,5], which are expressed by the dorsal mesoderm. These
molecules have been shown to physically interact with BMP4, and
thus antagonize BMP signalling. Conversely, BMP proteins instruct the
ectoderm to form epidermis (reviewed in [6,7]). (2) FGF signalling has
clearly been established as a neural inducer in chick embryos [8, 9].
Recently, similar results have been obtained in Xenopus embryos,
suggesting that FGF might be a ubiquitous neural inducing agent [10,
11]. (3) An increase in Ca2+ has also been shown to directly control the
expression of neural genes. We have demonstrated that neuralization
of the ectoderm by noggin or by signals from the dorsal mesoderm,
triggers an increase in intracellular Ca2+ concentration ([Ca2+]i) that
is completely inhibited by antagonists of dihydropyridine-sensitive
Ca2+ channels (DHP-sensitive Ca2+ channels), such as nifedipine,
nimodipine or isradipine. During neural induction, functional DHP-
sensitive Ca2+ channels have been found to be expressed in ectoderm
cells of Xenopus embryos [12,13]. Furthermore, an artiﬁcial increase in
[Ca2+]i, whatever its origin, has been shown to neuralize the ectoderme et Marie Curie, Biologie du
ce).
ll rights reserved.[14-19]. Although [Ca2+]i has been shown to be the necessary signal
initiating the cascade of transduction leading to neural gene
expression [14,20,21], the link between diffusible molecules, FGF
signalling and Ca2+ signalling in controlling neural induction is still
not clear.
Fibroblast growth factors (FGFs) play critical and multiple roles in
early developmental processes in both invertebrates and vertebrates.
The FGF protein family contains 22 members that induce their
biological activities through the activation of cell surface receptor
tyrosine kinases (i.e., FGFRs) of which there are 4 distinct members
(FGFR1 to FGFR4). Binding of FGFs causes receptor dimerization and
induces autophosphorylation of the intracellular domain, allowing the
recruitment of intracellular signalling molecules [22]. Four major
signalling pathways have been identiﬁed downstream of FGFR. (i)
The most common is the ras/MAPK pathway. This pathway involves
the binding of the Grb2/Sos complex to the phosphorylated
docking protein FRS2. The subsequent translocation of this complex
to the plasma membrane allows Sos to activate Ras. (ii)
Phosphorylation of FRS2 also induces the activation of the PI3-
kinase/Akt pathway. (iii) The third pathway involves the recruit-
ment of phospholipase Cγ (PLCγ ) through the binding of its SH2
domain to phosphotyrosine located in the C-terminal domain of
activated FGFR. Upon activation, PLCγ hydrolyses phosphatidylino-
sitol-4,5-diphosphate to form inositol-1,4,5-triphosphate (IP3) and
diacylglycerol (DAG). IP3 in turn stimulates the release of Ca2+
from intracellular stores. (iv) Finally, work performed on various
cell types demonstrated that FGF-2 (b-FGF) can induce an inﬂux of
Ca2+ either via the activation of voltage-gated DHP-sensitive Ca2+
channels [23-25] or through voltage-independent Ca2+ channels,
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family of channels [26-28].
In Xenopus, all four members of the FGFR family have been cloned
[29-34]. They display different spatial expression patterns [34,35],
suggesting that each FGFR may fulﬁl distinct functions during early
development, particularly during mesoderm formation and neural
induction. Indeed, mesoderm formation involves the activation of the
FGFR-1-and the ras/MAPK pathway [36-40]. FGFR1 is also required
for the neuralizing activity of noggin. The action of noggin is
abolished when a dominant-negative FGFR-1 receptor is expressed
in isolated ectoderms [41,42]. The spatiotemporal expression pattern
of FGFRs indicates that the relative abundance of FGFR-4 transcripts is
high in the ectoderm compared with FGFR-1 [34,35], suggesting that
FGFR-1 is not the only FGFR mediating neural induction. Indeed,
expression of a dominant-negative FGFR-4 blocks the expression of
the anterior neural markers both in the embryo and in isolated
ectoderm tissue [34]. Furthermore, it has been shown that FGF8
stimulates neuronal differentiation via FGFR-4a [43]. FGFR-1 and
FGFR-4 receptors activate different downstream pathways, with
FGFR-1 activating the ras/MAPK pathways, and FGFR-4a signalling
via the PLCγ/Ca2+ pathway [40].
To determine the relationship between noggin and the FGF
signalling pathways, which lead to the activation of DHP-sensitive
Ca2+ channels, we have performed experiments using animal caps.
Animal caps consist of ectodermal tissue that is isolated from the
embryo at the blastula stage. At this stage, animal cap cells are
multipotent and exhibit developmental plasticity. In the absence of an
inducing signal the ectodermal cells express markers speciﬁc to
epidermis. However, in the presence of BMP antagonists, such as
noggin, they express neural-speciﬁc markers [1,44].
Here, we showed that both noggin and FGF-4 induce an increase in
[Ca2+]i, which can be blocked by the FGFR inhibitor, SU5402. This
increase in [Ca2+]i is also inhibited by DHP-sensitive Ca2+ channel
antagonists and by lanthanum, a potent antagonist of Ca2+ channels.
DHP-sensitive Ca2+ channels are voltage operated channels, activated
by depolarisation. We clearly demonstrated that noggin and FGF-4
induce a membrane depolarisation that is blocked by SU5402.
Our data support the hypothesis that a functional FGF signalling
pathway is required for the neuralizing activity of noggin, which
requires an inﬂux of Ca2+ through both voltage-dependent and
-independent Ca2+ channels. The activation of voltage-independent
Ca2+ channels seems to be a link between FGFR and DHP-sensitive
Ca2+ channels. Our results suggest that when animal caps are
treated with FGF-4 then TRPC channels are activated via arachidonic
acid production. TRPC1 might be a candidate to fulﬁl this role since
it is expressed at the right place and at the right time in the
ectoderm.
2. Materials and methods
2.1. Embryos and manipulation of animal caps
Embryos were obtained by in vitro fertilization of eggs from
hormonally-stimulated adult female Xenopus laevis. Embryos were
dejellied in 2% cysteine hydrochloride made up in 0.1X Normal
Amphibian Medium (NAM: 110 mM NaCl, 2 mM KCl, 1 mM NaHCNO3,
1 mMMgSO4,1 mM CaCl2; 0.1 mMNa2EDTA,1.6 mMNa2HPO4, 0.4 mM
NaH2PO4, pH 7.4) [45] and staged according to Nieuwkoop and Faber
[46]. All manipulations were performed in 0.5X NAM on a cushion of
1% agarose. Embryos were manipulated and dissected with ﬁne
watchmakers' forceps and a platinum microsurgery tip of 400 μm
width (Xenotek Engineering, Belleville, IL, USA). Presumptive ecto-
derms (animal caps) were isolated from blastula stage embryos (stage
8–9). All incubations were carried out at 20 °C. Mouse recombinant
Noggin/Fc and Human recombinant FGF chimeric proteins (R&D
system) were resuspended in PBS containing 0.1% BSA (50 μg/mL).Animal caps were treated with either 2 μg/mL Noggin/Fc or 100 ng/
mL FGFs in 0.5X NAM. Stock solutions of nifedipine, a speciﬁc
antagonist of DHP-sensitive Ca2+ channels (at 50 mM; Sigma) and
SU5402, the FGFR inhibitor (at 50 mM; Calbiochem), were prepared
in DMSO. Lanthanum chloride (LaCl3; Sigma), a potent antagonist of
Ca2+ channels and of most TRP channels was prepared at 250 mM in
0.5X NAM solution and arachidonic acid (Sigma) was prepared at
200 mM in methanol. For the Ca2+-blocking experiments on animal
caps, the appropriate concentration of LaCl3 (250 μM) or nifedipine
(300 μM) was added in the medium 30 min prior to the assay and left
for the duration of the experiment. SU5402 was used at a ﬁnal
concentration of 80 μM.
2.2. Isolation of RNA, RT-PCR and In Situ Hybridization
The total RNA from one intact Xenopus laevis embryo and from
ten animal caps excised at stage 8–9, was isolated with the RNeasy
kit (QIAGEN). 50 ng RNA was reversed transcribed with the
Sensiscript™ reverse transcriptase (QIAGEN) as described in the
manufacturer's protocol. The primer sets used for X-ngnr-1a were
according to the Xenopus Molecular Marker Resources and for Sox2
from [47]. We designed the following primers: Xbra, F 5′-
GGATCGTTATCACCTCTG-3′, R 5′-GTGTAGTCTGTAGCAGCA-3′; Zic3,
F 5′-GATCATTATGCTGCCCAAT-3′, R 5′-CGGTATGCACCCTGATAT-3′;
ODC, F 5′-TGGATTTCAGAGACCAAC-3′, R 5′-CCAAGGCTAAAGTTG-
CAG-3′; XlTRPC1, F 5′-GGACTGTGTGGGCATTTTCT-3′, R 5′-
GAGCTTGGTGAGCACAATCA-3′. RT-PCR analyses with these primers
were performed for 35 cycles using a Crocodile PCR-thermocycler
(AppliGene). The absence of genomic contamination was system-
atically checked with ODC ampliﬁcation of the RNA samples without
reverse transcriptase. Similar results were obtained from three
independent experiments for each assay.
Whole-mount in situ hybridization was performed on embryos
and animal caps ﬁxed in MEMFA (0.1 M MOPS, pH 7.4, 100 mM EGTA,
1 mM MgSO4, and 4% formaldehyde) according to [48] using a
digoxigenin-labeled antisense probe for Xenopus Zic3 [49]. BCIP/NBT
(Boehringer) was used for the colour reaction, according to the
manufacturer's recommendations.
2.3. Intracellular free calcium and membrane potential measurements
Cp-aequorin (at ∼1% in 100 mM KCl, 5 mM MOPS, 50 μM EDTA;
Molecular Probes Or, USA) was microinjected into the animal pole of
two-cell stage embryos according to [50]. EGFP mRNA (250 pg) was
co-injected with the cp-aequorin and used as a lineage tracer. The
activity of cp-aequorin in cells was not modiﬁed by the simple co-
injection with EGFP [51,52]. Embryos were screened at early blastula
(stage 8) for the localisation of EGFP in the ectoderm and animal caps
were only prepared from those exhibiting a good pattern and level of
localization. Temporal aequorin-generated data were acquired, in
response to experimental treatments and also in the presence of
diluents only (PBS containing 0.1% BSA and methanol), using a
photomultiplier tube (PMT) as described by [50]. Membrane potential
changes were assessed using the potentiometric ﬂuorescent dye, bis-
(1,3-dibutylbarbituric acid) trimethine oxonol (DiBAC4(3); Molecular
Probes). DiBAC4(3) is an anionic ﬂuorescent probe, which equilibrates
across the cell membrane (i.e. reaches a Nernstian distribution)
according to the membrane potential. Its ﬂuorescent intensity
increases as the membrane potential decreases, with an approximate
1% change in ﬂuorescence per mV [53]. DiBAC4(3) was used at a ﬁnal
concentration of 500 nM (from a stock solution of 500 μM, prepared in
a 1:1 mixture of ethanol and DMSO according to the manufacturer's
instructions). Excitation and emission wavelengths were 490 and
510 nm, respectively and changes in membrane potential were
expressed as relative changes in ﬂuorescence increase (F/F0) as
described by [54].
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3.1. Noggin induces an increase in intracellular Ca2+, which requires
functional FGF signalling
On animal caps, it is known that the neuralizing activity of noggin
requires the presence of a functional FGF receptor [10,34,41].
Furthermore, we have shown that the treatment of animal caps
with noggin leads to a rapid and transient increase in [Ca2+]i via the
activation of DHP-sensitive Ca2+ channels via an as yet unknown
mechanism [14,16,19]. Thus, using animal caps, we wanted to evaluate
whether FGF signalling might participate in the noggin-induced
activation of DHP-sensitive Ca2+ channels. In order to do this, we used
the pharmacological inhibitor, SU5402, which blocks FGF signalling at
the level of the FGF receptor [55].
First, we conﬁrmed that the treatment of animal caps with SU5402
inhibits the neuralizing activity of noggin. Animal caps, prepared from
stage 9 embryos, were incubated for 30 min with 80 μM of SU5402
prior to incubationwith noggin (at 2 μg/mL) and then cultured to late
gastrula (stage 13). The concentration of SU5402 used in our
experiments has previously been shown to ensure full inhibition of
FGF signalling and it corresponds to half the reported lethal
concentration [10,56]. RT-PCR analysis indicated that the expression
of the pan-neural markers Zic3 and Sox2 was strongly reduced by
SU5402 (Fig. 1A; n=5). These results were further conﬁrmed by in
situ hybridization analysis for the expression of Zic3 (Fig. 1B; n=3).
We also performed Ca2+ measurements with the bioluminescent
Ca2+ reporter, aequorin [57]. Animal caps were dissected at late
blastula (stage 9) and the temporal kinetics of the Ca2+ signals were
recorded as described previously [15]. The addition of 2 μg/mL nogginFig. 1. FGF signalling is required for the noggin–induced Ca2+ increase. (A) The expression
Animal caps were pre-incubated (+) or not (-) for 30 minwith 80 μM of the FGFR inhibitor,
stage 13 served as positive control and PCR on RNAwithout reverse transcriptionwas perform
mount in situ hybridization of animal caps with the Zic3 probe. Animal caps from blastula s
30minwith SU5402 (80 μM) prior to the addition of noggin (left). All animal caps were cultu
from cp-aequorin-loaded animal caps (data sampled at a rate of one measure each 10 second
upon: (C) The addition of noggin (2 μg/mL); (D) Pre-incubation in 80 μM SU5402 prior to the
light) by the addition of SU5402 (80 μM).to the culture medium rapidly induced a large increase in [Ca2+]i (Fig.
1C; n=3 and [14,16]). However, when the animal capswere incubated
with 80 μM SU5402 for 30 min prior to the addition of noggin, the
increase in [Ca2+]i was blocked (Fig. 1D; n=2). Furthermore, the
addition of SU5402 immediately after the onset of the noggin-induced
Ca2+ increase led to a rapid (i.e., within ∼1 min) decrease in the level
of [Ca2+]i (Fig. 1E; n=2). This result helps to rule out the possibility
that the absence of Ca2+ increase observed in Fig. 1D is due to non-
speciﬁc effects of SU5402. In addition, these data conﬁrm previous
ﬁndings that functional FGF signalling is required for the action of
noggin, and demonstrate that active FGF signalling is necessary for the
increase in intracellular Ca2+ observed in noggin-treated animal caps.
3.2. FGF4 induces an increase in intracellular Ca2+
The data described above suggest that direct activation of FGF
signalling might result in an increase in intracellular Ca2+. To test this
hypothesis, animal caps were exposed to FGF proteins. In Xenopus,
several FGFs, including FGF-4 (i.e., eFGF), are expressed maternally in
the animal cap region and zygotically with a peak during gastrulation
[58]. The addition of FGF-4 (100 ng/mL) to either late blastula (stage
9; n=7) or early gastrula (stage 101/2; n=3) animal caps rapidly
elicited a long-lasting increase in intracellular Ca2+ (Fig. 2A).
Treatment with 80 μM SU5402, however, completely blocked the
FGF-4-stimulated increase in Ca2+ (Fig. 2B, n=3).
FGF-4 has been shown to signal through all four FGFRs [59,60].
Although FGFR1, FGFR2 and FGFR4 display distinct patterns of
expression during Xenopus embryogenesis, they are all expressed in
the animal cap of blastula stage embryos [31-33,35]. Therefore, in
order to test whether this increase in intracellular Ca2+ might beof two pan neural markers, Zic3 and Sox2 in 10 animal caps was measured by RT-PCR.
SU5402 prior to incubation with noggin (2 μg/mL). The RNA from one sibling embryo at
ed to check the absence of genomic DNA. ODC was used as loading control. (B) Whole-
tage embryos were either treated with 2 μg/mL of noggin (right) or pre-incubated for
red to stage 13. Scale bar, 500 μm. (C-E) Representative examples of PMT traces obtained
s). Light emission, expressed in photons per second and reﬂecting [Ca2+]iwas recorded
addition of noggin; (E) The addition of noggin and followed (at the peak of the emitted
Fig. 2. FGF-4 induces an increase in intracellular Ca2+. (A-C) Representative examples of PMT traces obtained from aequorin-loaded animal caps (data sampled at a rate of one
measure each 10 seconds). Light emission, expressed in photons per second and reﬂecting an increase in [Ca2+]iwas recorded upon: (A) The addition of FGF-4 (100 ng/mL); (B) Pre-
incubation with 80 μM SU5402 prior to the addition of FGF-4; (C) The addition of FGF-7 (100 ng/mL), followed by the addition of FGF-4.
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of two other FGF proteins; FGF-3, which interacts with FGFR1 and
FGFR2, and FGF-7, which is known to signal only through FGFR2 [60].
While FGF-3 (at 100 ng/mL) also induced an increase in intracellular
Ca2+, although of a lower amplitude and of a slower kinetic (Fig. 2D,
n=2), FGF-7 (at 100 ng/mL) did not trigger a Ca2+ increase (Fig. 2C,
n=3). Fig. 2C shows that the lack of Ca2+ increase observedwith FGF-
7was not due to either an absence or lack of responsiveness of the Ca2+
reporter, aequorin, since the subsequent addition of FGF-4 was still
able to trigger an increase in intracellular Ca2+. We therefore suggest
that the increase in Ca2+ induced by FGF-3 probably results from
stimulation through FGFR1, and the involvement of FGFR2 in the Ca2+
signal observed in our experiments is unlikely. Thus, our data suggest
that the Ca2+ increase observed in response to FGF-4 is probably due
to the activation of FGFR1 and/or FGFR4 and not due to the activation
of FGFR2. These results conﬁrm previous reports that FGFR1 and
FGFR4 are required for neural induction in animal caps [34,41,42].
3.3. The FGF4-induced Ca2+ increase involves activation of
voltage-dependent Ca2+ channels
We have previously shown that noggin induces an increase in
intracellular Ca2+ via the activation of DHP-sensitive Ca2+ channels
[16,17,19]. As this increase in [Ca2+]i also requires FGF signalling, we
wanted to determine if FGF-4 controls (directly or indirectly), the
activation of DHP-sensitive Ca2+ channels. These channels are ﬁrst
expressed in ectodermal cells at the early blastula stage and are
detected in the ectoderm during all gastrula stages [12,13]. Therefore,
we decided to perform Ca2+ measurements in the presence of
nifedipine, a speciﬁc DHP-Ca2+ channel antagonist. As shown in Fig.3A (n=4), the addition of 300 μM nifedipine to animal caps dissected
at late blastula (stage 9) partially blocked the FGF-4-induced increase
in Ca2+. This suggests that other types of Ca2+ channels might be
involved in the FGF-4-induced increase in Ca2+.
DHP-sensitive Ca2+ channels, also called L-type Ca2+ channels,
belong to the family of voltage-gated Ca2+ channels [61] and can be
activated by membrane depolarisation. Thus, we next examined the
possibility that noggin and FGF-4might induce a change in membrane
potential. Animal caps dissected at stage 9 were incubated for 30 min
with the potentiometric ﬂuorescent dye DiBAC4(3) and processed for
recording as described by [54]. As shown in Fig. 3B and C, noggin and
FGF-4 induced membrane depolarisation. The addition of noggin (at
2 μg/mL) triggered a 50% increase in ﬂuorescence (Fig. 3B, n=4
independent animal caps; 10 ectodermal cells for each animal cap)
while the addition of FGF-4 (at 100 ng/mL) triggered a 20% increase in
ﬂuorescence (Fig. 3C, n=4 independent animal caps; 10 ectodermal
cells for each animal cap). Furthermore, the depolarisation induced by
FGF-4 was blocked by SU5402 (Fig. 3D, n=6 independent animal
caps; 10 ectodermal cells for each animal cap). Previously, we showed
that DHP-sensitive Ca2+ channels are expressed in ectodermal cells
from blastula stage embryos [12]. Thus, we conclude here that at least
a part of the increase in [Ca2+]i observed following stimulation by
FGF-4 might occur via the activation of voltage-gated Ca2+ channels.
3.4. FGF4-induced Ca2+ increase also involves the activation of
voltage-independent Ca2+ channels
Channels from the canonical transient receptor potential family
(TRPC) have been shown to mediate an inﬂux of Ca2+ following
activation by FGF-2 in embryonic rat neural stem cells [28]. The TRPC1
Fig. 3. The FGF-induced increase in Ca2+ involves voltage-gated Ca2+ channels in animal caps. (A) A representative example of a PMT trace obtained from cp-aequorin-loaded animal
caps (data sampled at a rate of one measure each 10 seconds). Light emission, expressed in photons per second and reﬂecting [Ca2+]iwas recorded upon pre-incubationwith 300 μM
nifedipine prior to the addition of FGF-4. (B-D) Representative examples of the relative change in ﬂuorescent intensity (F/F0), reﬂecting changes in membrane potential, recorded
upon: (B) The addition of noggin (2 μg/mL); (C) The addition of FGF-4 (100 ng/mL); and (D) Pre-incubation with 80 μM SU5402 prior to the addition of FGF-4.
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inﬂux of Ca2+ in endothelial cells [62].
This prompted us to test whether cationic channels may be
involved in FGF-induced calcium increase in animal caps. The
requirement of extracellular Ca2+ in FGF-induced calcium increase
cannot be analysed by simply incubating animal caps in Ca2+-free
medium because this provokes the complete dissociation of cells [63].
Therefore, we used lanthanum chloride (LaCl3), which has been
reported to be a potent Ca2+ channel antagonist, particularly of most
TRP channels [64-68]. We ﬁrst used RT-PCR to analyse the expression
of two neural markers; Zic3 and Xngnr-1a, in animal caps that had
been pre-incubated for 30 min with either 50 μM or 250 μM of LaCl3
prior to the addition of noggin. Animal caps were then cultured to
stage 13 (late gastrula). As shown in Fig. 4A (n=3), the expression of
these neural markers was reduced with 50 μM LaCl3 and totally
inhibited with 250 μM LaCl3. Furthermore, the treatment of animal
caps with 250 μM LaCl3 resulted in the complete inhibition of the FGF-
4-induced Ca2+ signals (Fig. 4B, n=3). These results suggested that
TRP channels might be activated in animal caps treated with FGF-4.
TRP channels form a large family of cation channels, which are
involved in many physiological processes [69]. The Xenopus homo-
logue of TRPC1 (XTRPC1) has been cloned, and structural character-
isation indicates that its amino acid sequence is 82% identical to
human TRPC1. In addition, the XTRPC1 protein was detected in the
heart and brain, and in full grown stage VI oocytes [70]. In order to
determinewhether XTRPC1mightmediate the FGF-4-stimulated Ca2+
increase in animal caps, we looked for the expression of XTRPC1
mRNA in the embryo. As shown in Fig. 4C, RT-PCR analysis conﬁrmed
the maternal expression of XTRPC1 and indicated that it is expressed
in blastula (stage 8) and early gastrula stage (stage 101/2) embryos
and also in animal caps isolated from blastula and gastrula stages
embryos. These data indicate that XTRPC1 mRNA is expressed at theright time and in the right place to contribute to the FGF-4-induced
Ca2+ increase. However, we suggest that it is not likely to be the only
TRP channel involved in this process as TRPC1 is known to form
heterotetramers with other TRPC polypeptides, in particular TRPC4
[71, 72].
3.5. Arachidonic acid induces an increase in intracellular Ca2+
Activation of the FGF signalling pathway has been shown to elicit
the release of arachidonic acid (AA). Indeed, in endothelial cells, bFGF
stimulates the release of AA through PLA2 [73], and, in neurite
outgrowth, the response to FGF requires an inﬂux of Ca2+ that can be
mimicked by the direct application of AA [74]. This prompted us to test
whether AA is able to induce an increase in intracellular Ca2+ in
animal caps. As shown in Fig. 5A, the addition of AA (200 μM) to
blastula stage (stage 9) animal caps rapidly elicited a large increase in
intracellular Ca2+ lasting 20 to 30 min (n=4). We next wanted to
known whether AA alone can neuralize animal caps. To test this,
animal caps, prepared from stage 9 embryos, were exposed to 200 μM
AA and then cultured to late gastrula (stage 13). RT-PCR analysis
indicates that AA trigger the expression of the pan-neural marker Zic3
(Fig. 5B, n=2). The expression of Xbra, a mesodermal marker, is not
induced by AA, showing that the induction of Zic3 by AA is not a
secondary consequence of mesoderm induction.
4. Conclusions
Neural induction has mainly been studied by investigating the
intracellular regulator elements, particularly at the level of transcrip-
tional regulation. Much less is known about the early mechanisms
that occur at the level of the plasma membrane. Previously, we have
shown that the control of neural induction in intact Xenopus embryos
Fig. 4. Effect of blocking Ca2+ inﬂux by La3+. (A) The expression of Zic3 and Xngnr-1a
in 10 animal caps was measured by RT-PCR. Animal caps were pre-incubated (+) (or
not (-)) for 30 min with 50 μM or 250 μM La3+ prior to incubation with noggin (2 μg/
mL). RNA from one sibling embryo at stage 13 served as positive control and PCR on
RNA without reverse transcription was performed to check the absence of genomic
DNA. ODC was used as loading control. (B) A representative example of a PMT trace
obtained from cp-aequorin-loaded animal caps (data sampled at a rate of one measure
each 10 seconds). Light emission, expressed in photons per second and reﬂecting [Ca2+]i
was recorded upon pre-incubation in 250 μM La3+ prior to the addition of FGF-4. (C)
Temporal distribution of XTRPC1 RNA expression in adult tissues and during
embryogenesis. RT-PCR analysis of RNA extracted from adult tissues, heart (H) and
brain (B); oocyte (Oo), embryos at blastula (8) and gastrula (101/2) stages, and in
animal caps dissected from embryos of blastula (8, 9) and gastrula (101/2) stages.
Fig. 5. Arachidonic acid induces an increase in intracellular Ca2+ and the expression of
neural gene. (A) A representative example of a PMT trace obtained from cp-aequorin-
loaded animal caps (data sampled at a rate of one measure each 10 seconds). Light
emission, expressed in photons per second and reﬂecting [Ca2+]i was recorded upon
addition of arachidonic acid (200 μM). (B) The expression of a pan neuralmarker, Zic3, in
10 animal capswasmeasured byRT-PCR. Animal capswere incubated (+) or not (-)with
either noggin (2 μg/mL) or arachidonic acid (200 μM). The RNA fromone sibling embryo
at stage 13 served as positive control and PCR on RNAwithout reverse transcriptionwas
performed to check the absence of genomic DNA. ODC was used as loading control.
1038 K.W. Lee et al. / Biochimica et Biophysica Acta 1793 (2009) 1033–1040involves the activation of DHP-sensitive Ca2+ channels [21,50]. In this
work we have used animal caps to study how two components of the
plasma membrane (i.e., FGF receptors and DHP-sensitive Ca2+
channels) might interact to play a role in the control of neural
induction. Although animal cap isolated at blastula stage contain some
prospective neural plate or neural crest cells [75-77], it does not
express neural speciﬁc genes and have been proved to be a good
model for testing molecules with neural inducing activities without
interference from embryonic endogenous signals [7,78]. Moreover, it
allows us to study, on a simple assay, the mechanism by which DHP-
sensitive Ca2+ channels may be activated by FGF.
Voltage-gated Ca2+ channels are designated as L-, T-, P/Q-, N-, and
R-types, based on their pharmacological and physiological properties.
These channels are composed of a pore forming Cav subunit, which isassociated with regulatory subunits. DHP-sensitive Ca2+ channels are
L-type channels, encoded by four genes (namely, Cav1.1, Cav1.2, Cav1.3,
and Cav1.4) [79]. Voltage-gated Ca2+ channels are also classiﬁed
according to their threshold of activation, as low voltage-activated
(LVA) and high voltage-activated channels (HVA). DHP-sensitive Ca2+
channels belong to the HVA class and can be activated by membrane
depolarisation with a threshold around -20 mV. In this work we show
that, when added on animal cap cells, FGF-4 depolarises the
membrane.
How FGF depolarises the membrane and activates the DHP-
sensitive Ca2+ channels is still unclear. Activation of the FGF signalling
pathway involves the release of arachidonic acid (AA). AA can be
generated either by the sequential activities of PLCγ, which produces
diacylglycerol (DAG), and of a DAG lipase, which transforms DAG into
AA, or it can be liberated from membrane phospholipids by
phospholipase A2 (PLA2) (reviewed by [80]). AA can act on ion
channels either directly or through its variousmetabolic products. One
possible candidate activated by AA could be a TRP channel [81]. TRP
channels consist of a large family of cation channels containing six
transmembrane spanning domains, assembled as homo- or hetero-
tetramers to form channels. TRP channels are mainly permeable to Ca2+
and Na+. When activated, they depolarise the membrane and
contribute to changes in cytosolic Ca2+ concentration either by acting
as Ca2+ entry pathways in the plasma membrane, or by modulating
the activation of voltage-gated Ca2+ channels [69]. As we show
that AA induces an increase in intracellular Ca2+ in the isolated
ectoderm of blastula stage embryos, and that both voltage-gated Ca2+
channels (DHP-sensitive) and TRPC1 channels are expressed in these
Fig. 6. Hypothetical model of DHP-sensitive Ca2+ channel activation during neural induction in Xenopus laevis. Neural induction requires the inhibition of BMP signalling by noggin,
the activation of FGF pathway and Ca2+ signalling. Our model illustrates possible interactions between these pathways. (1) FGFR activation leads to the stimulation of various signal
transduction pathways. FGFR activation is involved in neuralization of dissociated ectoderm by the inhibition of Smad1 activity through a Ras/MAPK pathway [84]. It can also elicit
the production of arachidonic acid (AA). AA itself or its metabolites have been shown to act on transient potential receptor (TRP) Ca2+ channels. (2) The initial Ca2+ increase through
TRP channels triggers cell membrane depolarisation (3) and the subsequent inﬂux of Ca2+ through DHP-sensitive Ca2+ channels, a process shown to be necessary and sufﬁcient for
neuralization of the ectoderm [21]. The possible interaction between the BMPRII and TRP channels is also suggested.
1039K.W. Lee et al. / Biochimica et Biophysica Acta 1793 (2009) 1033–1040cells, we suggest that AA might play a major role in the FGF-4-
stimulated increase in Ca2+.
We propose a hypothetical model to explain the mechanism by
which noggin, might activate DHP-sensitive Ca2+ channels in the
ectoderm and thus stimulate the expression of neural genes (Fig. 6). In
this model, we postulate that (1) FGFR activation, most likely FGFR1
and/or FGFR4, triggers an inﬂux of Ca2+ through non speciﬁc cationic
channels (namely TRP channels). (2) This initial Ca2+ increase is then
able to depolarize the cell membrane, which in turn activates DHP-
sensitive Ca2+channels (3). This subsequent inﬂuxof Ca2+ampliﬁes the
initial Ca2+ increase and leads to the expression of neural genes [21].
Finally the question regarding how the inhibition of BMP4
signalling by noggin might induce an inﬂux of Ca2+ remains
unanswered. It has recently been shown, however, that in cultured
embryonic Xenopus spinal neurons the attraction to repulsion
switching in a gradient of BMP7 involves the BMP receptor type II
(BMPRII) and the expression of TRPC1 channels [82]. Furthermore,
TRPC channels have been shown to interact with the carboxy-terminal
domain of BMPRII [83]. This is an example of a possible link between
BMP receptors and Ca2+ channels that can be explored further.
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